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T he main limitation to the efficacy of chemotherapy in the brain is its restricted access due to the bloodbrain barrier (BBB), which limits the passage of the majority of chemotherapeutic drugs, except for some small (< 0.4 kD) or hydrophobic molecules, and thus prevents most chemotherapeutics from crossing from the vasculature compartment into the brain parenchyma. 1, 5 The limited penetrability of the BBB prevents these drugs from reaching therapeutic levels in the brain. 29 Several methods for increasing the penetration of drugs in the brain by either disrupting or bypassing the BBB have been clinically studied. First, the local concentrations of drugs in the brain parenchyma were increased through intraarterial injection, convection-enhanced delivery, or drug-loaded wafers. 10 Second, the permeability of the BBB was modified using osmotic solutions or vasoactive compounds. 6 Lastly, specially formulated drugs were designed to bypass the BBB through receptor-mediated transport mechanisms. 8 Although such techniques have shown promising results, the difficulties in repeatedly performing them, the acquired resistances, and the potential complications have limited their widespread use in the clinic.
An alternative method for enhancing drug delivery to the brain is the temporary disruption of the BBB with the use of externally applied focused pulsed ultrasound (US). Since 2001, 15 research studies have demonstrated that the permeability of the BBB can be reliably and temporarily increased in a range of animal models, including mice, 24 rats, 21 rabbits, 3, 4, [13] [14] [15] [16] and primates. 7, 18, 19 Typical US parameters in preclinical studies have included frequencies of 200 kHz-5 MHz, duty cycles of 1%-10%, and sonication times of 1-2 minutes. With such parameters and a mechanical index greater than 0.46, 20, 27 the BBB can be safely and reversibly opened for 5-8 hours. 28 While externally applied focused US is a promising approach for temporarily opening the BBB, the presence of the skull bone has thus far limited the technique from being tested in the clinic. 27 The skull bone absorbs and distorts the US field, making it difficult to accurately predict the acoustic pressure being delivered in situ, which is important for safely opening the BBB. While large, external hemispherical US arrays have been developed to overcome this problem and to focus the US field through the skull bone, 19 such devices require head immobilization, head shaving, CT scanning, and MRI monitoring to correct the US field. Furthermore, such devices may not be suited to routine clinical use for diffuse pathologies, for which patients typically undergo repeated chemotherapy sessions up to several times per month.
To circumvent the skull bone, our group has recently developed an MRI-compatible, implantable US device. A transcutaneous bipolar needle is used to activate the device during treatments. The device can be implanted either at the end of a regular resection or surgical biopsy procedure, or during a unique dedicated surgical procedure under local anesthesia. An initial study performed in rabbits, in which we used a nonimplantable prototype US transducer, demonstrated that the BBB could be safely and temporarily disrupted within a large volume in the brain by using a 1-MHz transducer with acoustic pressure levels of 0.3-0.8 MPa, pulse lengths of 10-35 msec, a pulse repetition frequency of 1 Hz, and sonication durations of 60-120 seconds.
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In the current study, a biocompatible version of the US device was developed and implanted in 3 primates to study the safety and long-term toxicity of repeated BBB disruption using pulsed US. The BBB was temporarily disrupted every 15 days over the course of 4 months to simulate a typical, although shortened, course of an administered chemotherapy regimen that a patient may experience. The potential toxicity of such repeated disruption of the BBB was evaluated using a range of techniques including MRI, PET, and behavioral and electrophysiological monitoring for the duration of the experiment. At the end of the study, extracted brain tissue samples were histologically analyzed to further investigate any potential adverse effects of the treatments.
Methods
Three primates were used in the study. A 1-MHz US device, shown in Fig. 1 , was implanted in each primate and used to disrupt the BBB every 15 days over the course of 4 months. Imaging and testing with MRI, fluorine-18-labeled fluorodeoxyglucose (FDG)-PET, electroencephalography (EEG), somatosensory evoked potential (SSEP), and histological analysis were performed according to the experimental plan shown in Fig. 2 to determine if any adverse effects were induced after repeated BBB disruption by US. Additional details on each of the analyses performed are described below.
Preparation of Animals
The study was performed using 2 Papio anubis (olive) baboons (Primates 1 and 2) and 1 Macaca fascicularis (macaque; Primate 3) with weights varying from 8 to 27 kg. The local animal ethics committees approved all animal protocols prior to the start of our experiments. Animals were first anesthetized with an intramuscular injection of a mixture of ketamine (5 mg/kg) and xylazine (1 mg/kg). Additional injections were administered if necessary. A peripheral vein was then catheterized for continuous anesthesia with propofol (Fresenius Kabåi); a dose of 0.3 ml/min was used for device implantation, whereas a lower dose of 0.2 ml/min was used for sonication sessions. Vital signs were continuously monitored using cardiorespiratory monitoring. When an animal displayed signs of awakening, 1 ml of propofol was immediately administered. Animals were maintained under spontaneous ventilation; however, on signs of respiratory distress, the animals were placed under mechanical ventilation. A unilateral 12-mm bur hole was made on the motor area 7-21 days before the first US treatment, and each animal was implanted with the US device. To localize the motor area of the cortex for device implantation, each animal first underwent presurgery MRI. Then a primate anatomy atlas was used to determine the motor area. The location determined for implantation was measured from the midline laterally and from the supraorbital ridge to place the implant on the cortex motor area. After implanting the device, its location was verified on postsurgery MRI. At the end of the study (4 months after initial implantation), the animals were euthanized by intravenous injection of a lethal dose of pentobarbital (Dolethal 18 mg/kg). The brain was then extracted and prepared for histological analysis.
Ultrasound Experimental Setup
A custom-built, MRI-compatible, implantable, airbacked, 1-MHz single-element transducer was constructed using a 10-mm, flat piezoceramic disc (PZ26, Ferroperm Piezoceramics; Fig. 1 ). The transducer was operated at a center frequency of 1.05 MHz and a pulse repetition frequency of 1 Hz, with a pulse length of 25,000 cycles (23.2-msec total burst duration). For each session of BBB opening, a bolus of SonoVue contrast agent (0.1 ml/kg, Bracco Imaging) was injected through a peripheral vein, followed by a flush of 5 ml of saline. The total sonication duration from the end of the saline flush (post-microbubble injection) was maintained at a constant 2 minutes, starting from the end of the microbubble and saline flush, which averaged 11 seconds. Thus, the sonication duration was 131 ± 9 seconds (mean ± standard deviation).
The transducer was mounted in a housing that consisted of implantable-grade PEEK Optima (Invibio Ltd.), and the outer surface of the transducer was covered by a 100-mmthick layer of biocompatible silicon. The transducer was driven using a function generator (HP 33120A, Hewlett Packard) and a radiofrequency amplifier (25 W, Kalmus 125C CE, Kalmus). The implantable US transducer was connected to the external driving system via a transdermal needle (Fig. 1) . The electrical power was monitored using a bidirectional coupler (Mini-Circuits) and a digital oscilloscope (Picoscope 3206B) connected to a laptop computer. A custom software program, written in Python (www. python.org), was used to control the acquisition of voltage signals from the coupler and to calculate the forward and reflected power to the transducer during sonications.
To characterize the acoustic output of the transducer before implantation in each animal, a calibrated hydrophone (HGL-0200, Onda) was used to perform field scans of the pressure distribution at low amplitude. Calibrated hydrophone measurements were performed at a distance of 12 mm on the acoustic axis at the same levels used during BBB opening sonications in water and were subsequently de-rated using a factor of 0.5 dB/cm to account for attenuation in the brain. This pressure amplitude, hereafter referred to as the "in situ pressure," is used to describe the exposure conditions applied during each sonication. Further details of the calibration procedure are described in our previous work. 
Magnetic Resonance Imaging Parameters
Animals were under general anesthesia during the procedure and immobilized using a custom support system. A
FIG. 2.
Diagram of the experimental protocol. Ultrasound (US) was applied approximately every 15 days to disrupt the BBB. Disruption was induced a total of 7 times before each animal was sacrificed and was confirmed using MRI. Between each BBB disruption, SSEP (SEP) and EEG testing were performed. Additional analysis using FDG-PET was performed approximately 14 days after each sonication. In addition, behavioral scale measurements were obtained continuously throughout the study (Days -7, 0, 7, 14, 15, and so forth).
Philips 1.5-T MR imager with a single-channel birdcage coil was used for the 2 baboons and a Siemens 3-T MR imager with a flexible receiver antenna was used for imaging the macaque. Gadolinium (Gd; Dotarem 0.4 ml/kg) was used for contrast-enhanced imaging with T1-weighted sequences to visualize the integrity of the BBB, and additional standard clinical 3D sequences of T2, T2*, FLAIR, and diffusion-weighted imaging (DWI) were performed as well. All MRI sequences were axial with a slice thickness of 3 mm except for the 3D T1-weighted Gd sequence, which used a slice thickness of 0.8-1.0 mm. All MRI sequences were performed immediately before and after each sonication. Additional MRI was performed at 1, 2, and 7 days after some of the sonications. The T1-weighted Gd-enhanced sequence was performed 20 minutes after sonication and 15 minutes after Gd injection. Magnetic resonance imaging results were reviewed using Osirix software (Pixmeo).
The total volume of BBB disruption after US sonications was quantified using the T1-weighted Gd-enhanced image volumes. Each post-sonication acquisition was first rigidly registered to pre-sonication image volumes using 3D Slicer (www.slicer.org). Next, the registered image volumes were imported into ImageJ (imagej.nih.gov/ij/). The background contrast in each image volume was equalized by multiplying the pre-sonication images by a scalar factor based on evaluating the contrast difference in regions of interest (ROIs) outside the US sonication region. Pixelwise division of post-and pre-sonication images was then performed for the 2 image sets, and a binary mask was made by thresholding the images to pixels with only 10% enhancement or greater. Manual masking of voxels outside the US field in each slice was then performed, as was the removal of voxels that had a low initial signal level. The total number of voxels was then quantified to estimate the total volume of BBB disruption.
Positron Emission Tomography Imaging
The PET imaging was performed for the 2 baboons on an EXACT HR+ positron tomograph (Siemens) with a spatial resolution at the center of field of view of approximately 5 mm (note that PET imaging was only possible at the facility where the baboons were treated). The camera has an axial field of view of 15.5 cm, which permits imaging of the brain in one bed position. Repeated imaging protocols of brain glucose metabolism activity using FDG were performed at different time points before the first BBB opening (Day -7) and longitudinally at 14 days after each BBB disruption (the day prior to the subsequent BBB disruption session) to evaluate long-term potential modification of brain metabolism. For each PET scan, a dynamic series of 34 images was acquired during 60 minutes after measurement of attenuation correction performed on the basis of 68Ge/68Ga transmission scans. A mean of 8 ± 0.6 Mbq/kg of FDG was administrated intravenously at the same time as the start of image acquisition. Regions of interest on both hemispheres were drawn on PET images using Anatomist (http://brainvisa.info). Concentrations of radioactivity in the ROIs were calculated for each frame and were expressed as the injected dose per gram of tissue. To normalize the differences in body weight between animals and the variation in injected doses, the standard uptake value (SUV) was calculated at 60 minutes by dividing the "activity in the ROI" by the injected dose per kilogram of body weight. To analyze the total amount of tracer that had accumulated in the different brain hemispheres, the area under the SUV time activity curve (AUC in min*SUV) was also calculated.
Electrophysiology
Electroencephalography and SSEP monitoring were performed with a NeuronSpectrum device (Neurosoft). Animals were under general anesthesia consisting of propofol the day of sonication and ketamine and xylazine for the control. The EEG and SSEP recordings were performed before and after each sonication, on both hemispheres, with each animal serving as its own control. Additional measurements were performed at Days 1, 2, and 7. Sterile monopolar needles were inserted transcutaneously on the appropriate sites (Spes Medica). Electroencephalography was performed using 8 channels (2 frontal, 2 temporal, 2 parietal, 2 occipital, 1 reference channel, and 1 grounded electrode). Each experimental session lasted for 15 minutes. The SSEPs elicited by median nerve and internal popliteal nerve stimulations were studied with the use of 4-channel recordings. Electrical stimulation was delivered via a constant-current stimulator. The stimulation intensity varied between 0 and 13 mA. Reproducibility of stimulation was controlled by the motor response. The intensity of stimulation was adapted from the threshold of adapted movement as a stimulation reference. After determining the appropriate threshold for stimulation, 3 types of stimulations-1 below the clinical threshold, 1 infralaminar, and 1 for the movement-were delivered. For each nerve SSEP, an average of 200 successive individual responses were recorded. The motor response to assess the stability of stimulation was verified.
Behavioral and Clinical Evaluation
The goal of the behavioral and clinical evaluation was to detect any clinical signs of neuronal deficit or epileptic signs and to check the general behavior of the animals, in particular, their eating habits. The 3 animals were evaluated twice a day using a motor and behavioral evaluation scale, which was derived from a Parkinson scale for primates. The scale had 10 items: feeding, posture, balance, reactions to stimuli, tremor, moving, posture, motricity of the left and right sides, and eye movement. The final score is the sum of the scores for each item. Possible scores ranged from 0 (normal) to 42. All primates displayed a normal clinical and behavioral score (0).
Histological Analysis
After euthanizing each animal, the brain was immediately extracted and cut into 1.5-cm slices, fixed in 4% paraformaldehyde, and immersed in glucose solutions for 7 days. After fixation, slides were frozen, and tissues were cut into 30-mm slices before being stained with H & E (to examine for bleeding or ischemic process), Perls' Prussian blue (for hemosiderin), Bodian (for neuronal-fibrillar degeneration), Fluoro-Jade stain (for neuronal apoptosis), and immunohistochemistry with GLUT1 staining (integ-rity of vascular vessel). Light microscopy was performed by an independent neuropathologist (C.A.) who was blinded to the US exposure locations and parameters.
Results

Magnetic Resonance Imaging Results
T1-Weighted Contrast Enhancement
All MRI sequences showed normal brain, and no anomalies were observed on any of the imaging sequences prior to device implantation. Each animal underwent MRI with identical sequence parameters approximately 20 minutes before and after each US sonication. Bloodbrain barrier disruption was assessed by localized contrast enhancement and extended to the base of the skull (depth of 3 cm), spread in a 1-cm-diameter cylinder. Blood-brain barrier disruption was observed from 0.6 to 0.8 MPa in 6 of 7 sessions in the first baboon, 5 of 7 sessions in the second baboon, and 7 of 7 sessions in the macaque. In 3 of the sessions in the 2 baboons, BBB disruption was not observed after implant activation, an effect that was attributed to technical issues with the device prototype that were corrected by experimentation in the macaque. Figure 3 shows T1-weighted contrast-enhanced MR images from the macaque for each of the 7 BBB disruption sessions. The BBB disruption observed on the T1-weighted contrast-enhanced images corresponded well with the US field and was observed for all 7 of the sonications.
The total volume of BBB disruption was quantified using T1-weighted contrast-enhanced MRI for the 2 baboons. 
Other MRI Sequences
After each treatment, a subarachnoid hypersignal was observed on FLAIR images in the sonicated hemisphere, without mass effect on brain parenchyma and without clinical repercussions on awake animals. Figure 5 shows the hypersignal on FLAIR images obtained immediately after and 14 days after BBB disruption. This sequence was also performed with and without Gd injection to eliminate contrast agent signal. The sequences were similar. No signal anomalies were observed on T2* both immediately after and 14 days after sonication, which ruled out the possibility that the hypersignal observed on FLAIR was caused by hemorrhage. In addition, no image abnormalities were observed on T1, T2, or DWI sequences. The FLAIR hypersignal disappeared when the animals were reimaged the day after sonications.
Behavioral Analysis
The 3 primates were subject to daily analysis using behavioral and neurological scales. They did not display any modifications in any of their behavioral or neurological signs and did not appear to behave differently, although BBB disruption was performed on top of the motor cortex. No hemodynamic changes were observed during the treatments. The scores remained at 0 for the 3 animals after the 7 BBB disruption sessions. The animals appeared to be unaffected by repeated BBB disruption. In some sessions, though, a transitory increase (20%) in the spontaneous re- spiratory frequency was observed during the sonication, with an immediate return to normal respiration by the end of the sonication.
Electrophysiological Results
Since only 3 animals were used for this study, a group statistical analysis was not performed. Instead, the analyses were performed with each animal serving as its own control since analyses were performed before and after sonication.
Electroencephalography
Blood-brain barrier rupture may be associated with the apparition of epileptic discharges, and abnormalities of BBB permeability may be involved in epileptogenic processes. 11 An electroencephalographic exploration was therefore performed before and after sonication to unravel any brain dysfunction or epileptic activities. Control EEG explorations were normal considering the existence of a spatially organized background activity, its amplitude and symmetry, its reactivity, and the absence of abnormal form, including epileptic features. These EEG parameters were monitored before and after sonication. The only variation was a higher amplitude within the sonicated hemisphere, already described during EEG corticography surgery monitoring and suggested to be related to the surgical bone flap. After treatment, no epileptic sign or cerebral slow down, either focal or diffuse, was observed.
Somatosensory Evoked Potential
Observed peripheral latencies had a low standard deviation and standard error of the mean, showing the reproducibility of the exam. The average amplitude (mV) of the response after electrical peripheral stimulation in the different collection points was studied. Typical results are shown in Figs. 6 and 7, which show no EEG abnormalities, conduction blocks, slowing down, or cortico-neuronal sideration.
FDG-PET Glucose Metabolism Imaging Analysis: Primates 1 and 2
Visual image analysis at the different dates (1 image before the first opening and 6 images after up to 3 months) in Primates 1 and 2 did not reveal any differences (hypo 1.01 ± 0.01 for both animals, showing that 14 days after BBB opening, no differences in glucose metabolism were observed between the 2 hemispheres. An example from Primate 1 is shown in Fig. 8 lower. The measurement of the AUC provided exactly the same value for both sides of the brain (74 ± 7 for male and 62 ± 7 for the female in min⋅SUV) illustrating no differences in FDG uptake. For both baboons, the initial values measured at Day 0 before the first opening provided results similar to those observed later.
Histological Results
About 180 slices were histologically studied for each animal. Sonicated and nonsonicated hemispheres were compared. Hematoxylin and eosin staining did not indicate any ischemic or bleeding processes. On Perls' staining in a single baboon, mild extravasation of a red cell was observed from a region directly in front of the transducer (< 5 mm). This extravasation, undetectable on T2* MRI sequences, did not have any impact on the neurological status of the primate. Hematoxylin and eosin staining of the dura mater under the transducer indicated hypervascularization, an inflammatory process frequently observed during the postsurgical period and which was probably due to the initial procedure to implant the transducer in the primate (Fig. 9A and B) . Fluro-Jade staining did not indicate any signs of neuronal apoptosis in any of the primates (Fig. 9C) . No positive Perls' Prussian blue staining was detected. Bodian staining did not display neuronalfibrillar degeneration (Fig. 9D) . Immunohistochemistry with GLUT1 antibody showed good integrity of the vascular wall (Fig. 9E) . 
Discussion
The goal of BBB disruption using our implantable US device is to enhance the concentration of drugs that can reach brain tumors, in particular, gliomas, and surrounding infiltrated brain. By enhancing the concentration of drugs that reach (peri)tumoral tissue, the efficacy of intravenous chemotherapy for these types of tumors may be enhanced. In fact, the observed resistance of gliomas to current therapies is attributable to 2 nonexclusive effects: tumor cell resistance (if a chemotherapy is not adapted or is not at a sufficient concentration, the tumor cells may acquire resistance to the drug therapy 17, 30, 31 ) and vascular cell resistance (the natural barrier of endothelial cells of the BBB blocks 99% of all drug therapies, and eventually barrier resistance is acquired for the few drugs that can initially cross, such as small drugs [< 500 D] or new targeted therapies in development).
Efficacy
In preclinical studies, the enhancement of drug delivery to the brain after BBB disruption with US has been shown to be more than 500% for drugs that pass the BBB poorly, such as doxorubicin, 25 and this has been correlated to improved tumor control. For example, tumor growth was slowed in a 9L rat glioma model when BBB opening was combined with the systemic administration of liposomal doxorubicin.
25, 26 Tumor growth was slowed in rats treated with a single US sonication, with tumor doubling rates increasing from 2.7 days in controls to 3.7 days in rats treated with BBB opening via US. The reduction in the tumor growth rate resulted in a 24% enhancement in median survival. 26 Aryal et al.
2 performed studies in a 9L rat glioma model but used multiple US treatments combined with the systemic administration of liposomal doxorubicin (Doxil/ Caelyx). Three treatments were performed over the course of 3 weeks (1 treatment per week). Median survival in the treated rats was increased by 100% as compared with that in controls. Furthermore, 40% of the treated animals survived for more than 140 days, whereas all control rats died after less than 30 days. These preclinical results show that there is strong interest in disrupting the BBB to increase the concentration of chemotherapeutics in gliomas as survival can be significantly enhanced.
Device Design
The design of the implantable US transducer tested in our studies was defined by practical clinical needs. An unfocused US beam was chosen as it is better suited to treating patients with diffuse pathologies such as gliomas. An US system implantable in the skull thickness through a bur hole was designed to avoid the complications of focusing US energy through the skull bone and to eliminate the need for MRI or CT correction methods.
Since the device is implanted, it is designed to be MRcompatible to permit MRI follow-up of tumors and to be easily and safely used in routine clinical practice during multiple chemotherapy sessions. The device developed herein is implanted through a bur hole during either biopsy or resection for histopathological diagnosis, and the skin is closed as usual, covering the device. At each further chemotherapy session, the device is connected to an external radiofrequency generator for 2 minutes by using a transcutaneous bipolar needle connection. After 2 minutes of sonication, the needle is removed and the BBB remains open for a period of 6 hours or more, although the magnitude of the opening begins to decrease immediately following the initial disruption.
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The T1-weighted contrast enhancement after Gd injection permitted us to confirm BBB opening for each sonication session. The volume of BBB opening quantified from the Gd-enhanced T1 images was between 0.46 and 2.35 cm . These volumes corresponded well with the initial estimate that BBB disruption corresponds to a 5-to 10-mm-diameter cylindrical volume that extends from the 1-cm-diameter transducer face to the skull base, a distance of approximately 3 cm in the primate brain.
The wide variability observed in the BBB volume disruption estimate across the US treatments may have been attributable to 2 different effects. The first possibility is an actual difference that influenced the overall volume of the BBB disruption that was performed. Such effects may have included the preparation and injection of the microbubble solution, the influence of anesthesia on cerebral blood flow during sonications, or the influence of endo- thelial vascular spasm, which has been observed in other studies. 12, 23 The second possibility to explain the variability relates to the processing method developed, which was somewhat empirical. An absolute quantitative method such as an estimate of the vessel permeability using dynamic contractenhanced (DCE) imaging may be better suited to such an analysis and will be explored in future studies.
Although a mean volume of only 1.16 cm 3 was calculated as the zone of BBB disruption, the actual zone of enhanced drug delivery is larger. Here, a 10% enhancement in contrast was used for signal-to-noise considerations in the processing method, even though the BBB was disrupted beyond this region. In addition, in a similar study in which carboplatin, a chemotherapy drug that does not normally cross the BBB, was quantified after BBB disruption in a primate model, we found drug concentrations were increased by 30%, even at 10 mm from the US beam axis.
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The analysis performed in the present study was based solely on the distribution of a bolus injection of Gd 20 minutes after sonications. Future studies are needed to examine the correlation between this metric and that of absolute drug concentrations measured in the brain after BBB disruption.
Safety
Our results in large-animal models demonstrate that US-induced BBB disruption is safe, even with repeated disruption of the BBB every 15 days. These results agree well with the recent work of McDannold et al., 19 who used a clinical extracranial focused US system operating at 220 kHz to repeatedly open the BBB in an approximately 1-cm 3 zone in a target in the central visual field in primates. A safe acoustic pressure level for BBB opening was determined, and repeated opening of the BBB was performed up to 13 times over 26 weeks. Repeated BBB opening was found to be safe, with no behavioral or visual deficits or loss in visual acuity. Similar results validating the long-term safety of BBB disruption in primate models with a focused US system were also observed in the recent work of Downs et al.
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In our study, MRI analysis did not indicate any bleeding, ischemic, or necrotic processes. Neither were corresponding effects observed on histological analysis of these same regions. The T1-weighted Gd MRI sequence performed at Day 1 post-sonication showed no contrast enhancement and the disappearance of FLAIR hypersignal, proving that BBB disruption is reversible. Furthermore, no hypointense regions were observed at 15 days after sonications (just prior to the subsequent treatment). Hynynen et al. 14 observed similar effects in a rabbit model and found that while some damage to capillaries was observed at pressures used to disrupt the BBB (0.5 MPa), minor damage to capillaries was not associated with damage to neurons.
The small number of animals included in this study due to ethical considerations was compensated by recurrent BBB disruption (× 7) and repetitive multimodality exams to demonstrate the safety of BBB disruption on brain parenchyma. The analyses of morphological (absence of bleeding, necrosis, ischemia), metabolic (looking for modification of brain metabolism), and functional (looking for epileptic signs, conduction troubles, behavior troubles, and so forth) measures did not show any signs of toxicity for the 21 BBB disruption sessions.
Electrophysiology studies during the 3 months did not display any epileptic signs or conduction issues. However, the study was limited as general anesthesia was used during exams. These exams could not be performed in awake conditions given the difficulty in performing such studies in awake primates as well as the movement artifacts. Propofol can hide some epileptic forms, but no epileptic symptoms were observed when animals were awake either. Variability among the 3 animals because of species, sex, and age compromises comparison but still offers safety data on such BBB disruption processes in a heterogeneous population.
Further Development
Considering the safety data obtained in this experiment and previous efficacy studies, 3, 4 a Phase I/IIa clinical trial in patients is envisioned for the near future.
Conclusions
Results of this study demonstrate that an implantable, 1-MHz unfocused US transducer can be used to safely and repeatedly open the BBB. Such an approach may be used to enhance the efficacy of chemotherapy or other drug treatments for brain disorders. 
